How does our temporal vision change as the mean illuminance reduces? We have examined the processing of near-threshold temporal information for a range of illuminance values (2850 --0.15 phot td). At high illmninance, the modulation transfer function can be shown to be mediated via three underlying temporal filters that vary in sensitivity with spatial frequency. As the mean iHuminance decreases these channels appear to change their sensitivity. Even at the lowest (scotopic) iiluminance levels we were able to find evidence for at least two channels mediating detection threshold. There are also changes in the tuning properties of these channels such that the processing of high temporal frequencies is differentially compromised, resulting in a reduction in the flicker fusion limit of each channel, and a slhift in the peak of the band-pass channel. The slope of the fall-off in sensitivity at high temporal frequencies is unaffected by test spatial frequency at each illuminance level, suggesting its limiting factor is one that is insensitive to spatial frequency. We propose that the changes in the tuning of the temporal filters occur because of an early (e.g. photoreceptor) change in the response dynamics, or by interactions between photoreceptors, rather than changes at or beyond the level of the channel response.
INTRODUCTION
Our perception of the temporal properties of the world (i.e. its movement and flicker) appears to be encoded in the visual system by a small number of discrete early filters that are broadly tuned to the rate of change. The properties and layout of these filters have been recently described with respect to the spatial scale of the image and its position on the retina . Such measurements are supported by measurements of the appearance and discriminability of flickering and moving patterns (Thompson, 1981; Mandler & Makous, 1984; Yo & Wilson, 1993 , Waugh & Hess, 1994 . One major dimension to our vision, namely the effect of the mean illuminance, has so far been neglected from this analysis. Given that temporal modulation can both increase or decrease the visibility of a stimulus (e.g. Robson, 1966) , and has been strongly implicated in our judgements of the speed of an object (Thompson, 1982; Smith, 1987) , a knowledge of the temporal properties of human vision at all illuminances has great applied (such as when a person is driving at night) as well as theoretical importance.
One major exception to this trend had been the critical flicker fusion limit--the maximum rate of luminance change that appears as flickering rather than steady (e.g. Porter, 1902) . However, these studies, by their very nature, only supply information about one aspect of vision. Further, as most of the earlier studies used simple spots of light, which are broadband in spatial frequency, changes in the critical flicker fusion limit with illuminance may reflect changes in which spatial mechanism mediates this limit, rather than the filtering properties of the individual mechanisms. More information can be gathered by a measurement of modulation sensitivity for a range of flicker rates such as those first provided by DeLange (1952) . Such measurements are supplied by Kelly (1961) for a large (60 deg) field with blurred edges. Under these conditions the modulation transfer function is highly band-pass at high photopic levels but becomes gradually more low-pass at scotopic levels. These results (which have been replicated on numerous occasions) must have implications for the underlying channels--do their filtering properties alter as illuminance changes to produce the changes in the modulation transfer function as Conner (1982) suggests, or do their relative sensitivities alter with illuminance in such a way that the modulation transfer function changes its threshold surface in a manner analogous to the arguments of Hess and Snowden (1992) ? At high photopic illuminance levels, temporal modulation sensitivity seems to be mediated by relatively few temporal mechanisms (Kulikowski & Tolhurst, 1973;  776 ROBERT J. SNOWDEN et al. Legge, 1978; Richards, 1979; Pelli & Watson, 1983; Mandler, 1984; Mandler & Makous, 1984; Hess & Plant, 1985; Hammett & Smith, 1992; . Hess and Snowden (1992) suggest that at very low spatial frequencies detection threshold is mediated by three mechanisms, at low to medium spatial frequencies by two mechanisms and at high spatial frequencies by a single mechanism. The individual filters show very little change in their temporal filtering properties as spatial frequency is manipulated (little spatio-temporal covariation) but each filter has a different spatial frequency sensitivity profile. Thus the changes seen in the modulation transfer function at different spatial frequencies simply reflect the changing sensitivities of the underlying filters.
The present study applies the same techniques of measuring sensitivity as a function of flicker rate, and deduces the underlying channels that govern this sensitivity by a small-signal masking technique to investigate the effects of mean illuminance. The questions that were of interest to us were: (1) Can we describe visual sensitivity across illuminance in terms of a limited number of spatio-temporal separable filters? (2) How many temporal filters are there for scotopic vision? (3) What receptoral influences are there?
METHODS
The stimuli and psychophysical procedures were detailed in a previous paper . We briefly reiterate them here and describe how retinal illuminance was manipulated.
Stimuli
Probe stimuli were sinusoidal in both space and time (counterphase reversal). In order to localize the stimuli in both the space-time and in the spatial-temporal frequency domain the grating was vignetted in space by a Gaussian window of space constant 4.5 cm, and vignetted in time by a raised cosinusoid of period 0.5 Hz.
The mask stimuli consisted of the product of a temporal sinusoid and narrow band spatial noise [the sum of four sinusoids (see ]. The mask stimuli were vignetted in both space and time by the same windows as the probe stimuli. The spatial and temporal phase of the mask was randomized with respect to the test probe stimulus from trial to trial. The contrast of both stimuli was varied by means of digital attenuators and displayed on a Joyce raster screen (P4 phosphor) refreshed at a rate of 200 Hz. The luminance of the screen was calibrated and found to be linear up to contrasts of 98%. The stimuli werepresented in the middle of the screen and the rest of the screen was set to the mean illuminance. The portion of the screen visible to the subject was a square of side 20 cm produced by a hole in a white cardboard mask that surrounded the screen and had dimensions of 80 x 120 cm.
Most stimuli were viewed from a distance of 1.14 m, except for the stimuli of 10 and 20 c/deg which were produced by viewing a stimulus of 2.5 c/cm at a distance of 2.28 and 4.56m respectively. The stimuli labelled "0 c/deg" was simply a blank field (which underwent the same windowing as all other stimuli).
Cone isolating stimuli
The cone response of a normal trichromat was obtained by probe and masking stimuli as described above, but using spatially periodic stimuli which were arranged to be isoluminant for rods. This was achieved by optically superimposing two sine-wave gratings out of phase, one with green and black bars and another with blue and black bars. These stimuli were viewed through a circular aperture, 5.75 cm in diameter. The aperture was formed by optically superimposing circles cut from black cardboard masks that occluded the surrounding screens. We used a gelatin filter (# 58) to produce the green/black grating and a Wratten gelatin (#47) to produce the blue/black grating. The relative intensities of the bars was adjusted so that the combination was invisible under scotopic conditions although the individual components were themselves clearly visible. Thus under these conditions, the quantum catch from the green and blue bars defining the stimulus was identical for rods. The contrast of such rod isoluminant stimuli of different temporal frequency was adjusted to obtain thresholds for probe and mask stimuli as described above. To ensure correct alignment necessary to produce such a rod isoluminant stimulus, we restricted the spatial frequency of the stimuli to 0 c/deg (Gaussian envelope alone) and 1 c/deg. At the highest mean illuminance our mixed receptoral stimulation was 539 phot td ( Fig. 6 ) and 465 phot td (Fig. 7) for the rod isoluminant stimuli.
Changing illuminance
The mean luminance of the oscilloscope screen was 140 cd/m 2. The mean retinal illuminance was modified by placing neutral density filters in a pair of light tight goggles. Natural pupils were used. After the goggles had been fitted, the subject was allowed several minutes to adapt to the new conditions before any experiments were performed. To calculate retinal illuminance in photopic trolands the pupil size was measured by photographing the pupil whilst viewing a white screen illuminated to the same level as the oscilloscope screen modified by the neutral density filters. All luminance measurements were made using a UDT photometer. In the rest of this paper, the different retinal illumination levels are referred to in phot td calculated by multiplying the screen luminance (cd/m 2) by the pupillary area (mm2).
Psychophysical procedures
Two-alternate forced-choice procedures were used throughout. Subjects were presented with two 2 sec intervals (signalled by tones) separated by 0.5 sec. In one of the intervals, the probe stimulus was presented and the subjects' task was to indicate this interval by means of a button press. Incorrect responses produced a feedback tone.
To measure modulation transfer functions, the contrast of the probe stimulus was varied from trial to trial TEMPORAL PROCESSING AT LOW LUMINANCE 777 by means of a staircase that increased the contrast after each incorrect response and decreased the contrast after two consecutive correct responses. Initially the increment/decrement was 5 dB (20 dB = 1 log unit), and then reduced to 1 dB after three reversals of the staircase. The staircase terminated after l0 reversals and threshold was defined as the mean of the last eight reversal contrasts. Only one probe stimulus was tested on each experimental run.
The masking curves were measured by firstly measuring the threshold contrast for the probe stimulus alone (as above). This probe stimulus was then set to be 4 dB above this threshold contrast for the subsequent masking runs. The masking stimuli were presented in both temporal intervals and the probe was presented in only one. Subjects once again indicated which interval contained the probe. Incorrect responses decremented the contrast of the masks whereas two consecutive correct responses incremented the mask contrast [for a rationale of this technique see Hess and Snowden (1992) ]. This staircase was used to estimate the contrast of the mask that just masked the presence of the probe stimulus. On each run only one combination of mask temporal frequency and probe temporal frequency was presented.
Subjects
Two of the authors served as subjects. They were both young (male aged 28 and female 31) and had normal or corrected to normal, vision. Viewing was binocular, and for one subject the refractive correction was worn inside the goggles behind the neutral density filters. A small marker placed at the ,=entre of the stimulus aided fixation.
EXPERIMENT 1--MODULATION TRANSFER FUNCTIONS AS A FUNCTION OF RETINAL ILLUMINANCE LEVEL
The main aim of this experiment was to provide a description of how temporal modulation contrast sensitivity is affected by the retinal illuminance level for a number of spatial frequency stimuli ranging from an unpatterned Gaussian blob (0 c/deg) to one representing a set fraction of the acuity limit at each of the iUuminance values.
The left half of Fig At high illuminance levels the functions are low-pass at high spatial frequencies but become more band-pass at low spatial frequencies (Robson, 1966) .
At low illuminance levels there is a tendency for the functions to be low-pass over most of the range of spatial frequencies tested, including some which were band-pass at high illuminance levels (Kelly, 1961; van Nes, Koenderink, Nas & Bouman, 1967; Conner, 1982; Ohtani & Ejima, 1988) . However, we find that at the lowest spatial frequency (the patternless Gaussian patch) the function remains band-pass even at the lowest illuminance tested. This differs somewhat from previous accounts of responses to a patternless field (Kelly, 1961) that show low-pass behaviour at low illuminances. Theoretically the function should be band-pass--a patternless field which is not modulated in time is invisible. The reason for Kelly's finding may lie in his method used to determine threshold. A slowly flickering pattern was adjusted in amplitude until visible. It could be that the subjects employ a "higher-level" notion (the pattern was dark and is now light) to detect the pattern rather than its flicker per se. Our restricted presentation time may hinder such a strategy and produce a better measure of low-level processes.
The fall-off in sensitivity occurring at high temporal frequencies occurs at a lower temporal frequency as the mean illuminance is lowered. Hence the temporal acuity limit is lower at low illuminances (Ferry, 1892; Porter, 1902; Tyler & Hamer, 1990) . Likewise the peak sensitivity for functions that are band-pass occurs at a lower temporal frequency as illuminance is reduced (De Lange, 1952; Kelly, 1961; Ohtani & Ejima, 1988) .
Finally, there is a small increase in sensitivity as illuminance is decreased from ~2500 to ~ 100 phot td for patterns of low temporal and spatial frequencies (the effect seems more pronounced in subject RJS than SJW). A similar small effect is also noticeable in the data from Kelly (1961;  Hess and Snowden (1992) . For the stimulus of 0c/deg (Fig. 2 , upper panels) the probe of 0.8 Hz (Q) was masked by a large range of low temporal frequencies and therefore produced a function with fairly low-pass characteristics. The probe of 6 Hz (C)) was most effectively masked at 8 Hz and sensitivity dropped off on either side of this peak, producing a more band-pass function. The probe at 24 Hz (•) was most effectively masked at 16 Hz and also produced a band-pass function. Thus there is evidence for at least two basic functions (one low-pass one band-pass) under these conditions, with less convincing evidence for a third channel (band-pass) confined to low spatial frequencies. Hess and Snowden (1992) have shown that under these conditions only three channel types are revealed by probes with a wide range of temporal frequencies. At a spatial frequency of 1 c/deg (middle panels) we find evidence for only two channels, one with low-pass characteristics and one more band-pass, peaking at 8 Hz. At the highest spatial frequency tested (20 c/deg, SJW; 10c/deg, RJS--lower panels), all probes produce very similar functions that are low-pass in nature, suggesting that, at threshold, the same low-pass temporal channel mediates detection at all temporal frequencies. Figure 3 contains results at a retinal illuminance of 115-90 phot td. The results under these conditions bear many similarities to those at 2850-2240 phot td, but there are some subtle differences. There is no evidence for two different band-pass channels; the functions for probes of 6 and 24Hz both peak around 8 Hz even for the lowest spatial frequency. Secondly, the width of tuning is somewhat narrower than at the higher retinal illuminance (which would extrapolate to lower critical fusion frequencies). This appears to be due to a limitation to the high temporal frequency response of all masking functions as retinal illuminance is reduced.
The results for a mean retinal illuminance value of 4.6-3.7 phot td are po~rtrayed in Fig. 4 . Under these conditions we were unable to use a probe of 24 Hz as the probe by itself was never visible (see Fig. 1 ). Probes of 0.8 Hz tended to produce low-pass functions at all spatial frequencies tested, whereas probes of 6 Hz produced more band-pass functions. It is important to note that these band-pass functions do not appear to peak around 8 Hz as was found at the two higher illuminances but at slightly lower frequencies (around 3-4 Hz, though there may be a small affect of spatial frequency). Once again the high temporal frequency cut off now occurs at a lower temporal frequency.
At the lowest retinal illuminance tested (0.18-0.15 phot td-- Fig. 5 ) we were only able to gather a very limited data set, simply due to our very limited sensitivity to any patterns. However, importantly, we were still able to show the presence of both band-pass and low-pass functions.
EXPERIMENT 3--CONE ISOLATED RESPONSES Since our vision at high photopic luminances is mediated exclusively by cones and at scotopic luminances exclusively by rods, we wondered to what extent these changes in the filtering properties of the isolated temporal channels were due to the different temporal properties of rods and cones. To answer this, we measured 
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temporal contrast sens:itivity and masking functions for stimuli which isolated the cone response at low illuminance levels. The results displayed i:n Fig. 6(a) show the modulation transfer function characteristics at two levels of retinal illuminance for a spatial stimulus of 0 c/deg. For stimuli which stimulate both rods and cones (circles) the location of the peak response of the temporal contrast sensitivity function at 1:he highest retinal iUuminance is around 15Hz (C)). This shifts to around 3-5Hz at the low mesopic illuminance (0). The cone isolated response (isoluminant for rods) at the low mesopic level for the same stimulus is also around 3-5 Hz (11). Since the peak response under the photopic condition will be dominated by cones, there is a clear covariation in the peak of the temporal modulation transfer function from 15 to 3 Hz as retinal illumination is reduced for the cone mediated response. The results in Fig. 6(b) show a similar covariation for a spatial stimulus of 1 c/deg. Now the shape of the transfer function becomes somewhat more low-pass but a similar shift in the position of the peak response is seen as retinal illumination is reduced when the cones alone determine performance.
This covariation could in principle result from one of two factors. It simply may reflect the changing relative sensitivities of a number of underlying cone-driven mechanisms, each of which has a fixed peak position, i.e. is spatio-temporally separable. On the other hand, the peak positions as well as the sensitivities of the underlying, unitary mechanisms might change as retinal illuminance is reduced. To resolve this we isolated the individual band-pass mechanism using our masking paradigm for rod isolation stimulation. We compared the peak locations of the derived temporal channel at two different retinal illuminances. This was done both for the mixed receptoral response of the normal trichromat and for the isolated cone response of the normal trichromat. These results are displayed in Fig. 7 for the 0 c/deg [ Fig. 7(a) ] and for the 1 c/deg [ Fig. 7(b) ] spatial stimulus. The results show that as illuminance is reduced there is a change in the filtering properties of this mechanism which can be described as a relative loss of high frequency response. As a consequence of this, for the 0c/deg stimulus, the 8-10Hz, high retinal illuminance peak is shifted to 5-6 Hz at the low luminance. For the 1 c/deg stimulus, the 7-8Hz high illuminance peak is shifted to around 4 Hz at low illuminance. Similar results are seen for the cone isolating stimuli, indicating that this temporal covariation is seen within the cone mechanism and cannot be attributed to any difference in the dynamics between rod cone photoreceptors.
DISCUSSION
The original aim of this study was to see if temporal modulation sensitivity at low illuminances was mediated by a limited number of temporal channels whose relative sensitivity scaled with retinal illuminance, as we have previously shown for changes in spatial frequency and eccentricity . Scotopic vision is indeed subserved by a similar set of temporal channels whose sensitivity scales with retinal illuminance however there is also evidence for changes in the temporal properties of these channels as a function of retinal illuminance. Thus it is likely that the complex changes in the modulation transfer function described above cannot be accounted for by simply changing the sensitivity of a small number of channels. Likewise, the shape of the mechanisms isolated by the masking paradigm are not merely scaled versions of one another. Sensitivity is compared fo:r two types of stimulation, one in which the spatial structure of the stimulus is visible to both rod and cone photoreceptors (circles) and another in which the spatial structure is visible only to the cones (squares). The subject was SJW. Results are compared to two different levels of retinal illumination, one photopic (539 phot td-----open symbols) and another mesopic (0.37 phot td--solid symbols). Notice that the overall shape of the temporal sensitivity function from photopic to mesopic can not be solely accounted for by a change from cone to rod dynamics.
Modulation transfer function
The changes in the modulation transfer function as a function of illuminance for low spatial frequencies are in broad agreement with most earlier studies, which used either small (DeLange, 1'952) or large (Kelly, 1961 ) spots of light. There is a tendency for the modulation transfer function to be band-pass at high illuminances and becomes increasingly more low-pass at low iUuminances, although for the lowest spatial frequency used, the function was still band-pass even at the lowest illuminance. A similar effect is noticeable in the data of Hess, Nordby and Pointer (1987) . Peak sensitivity shifts to lower temporal frequencies and the high temporal frequency cut-off (the critical flicker frequency) also shifts to lower temporal frequencies (the Ferry-Porter relationship). Data for higher spatial frequencies are similar in nature, except that the modulation transfer function is already low-pass even at high illuminances (Ohtani & Ejima, 1988) . The data also demonstrate the different effects of illuminance adaptation for different temporal frequencies. To a first approximation there is a range of retinal illuminances in which contrast sensitivity is constant (Weber region) for low temporal frequency stimulation (Kelly, 1961) . However, for high temporal frequencies thresholds appear to be linearly related to retinal illuminance [i.e. when plotted as amplitude rather than contrast they are independent of retinal illuminance (Kennelly & Whiting, 1907; Kelly, 1961; Graham & Hood, 1992) ].
Temporal frequency channels
At the highest retinal illuminance, we find results in accord with our previous measurements . At low spatial frequencies there appear to be two or three masking functions, one low-pass, one band-pass peaking in the region of 8 Hz and possibly another band-pass peaking at 12-16Hz. At a slightly higher spatial frequency (1 c/deg) there is no evidence for the band-pass channel with a peak in the 12-16Hz region, whereas at the highest spatial frequencies all 
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Temporal Frequency (Hz) FIGURE 7. Temporal masking functions are compared for two spatial stimuli, 0 c/deg at 6 Hz (a) and 1 c/deg at 6 Hz (b) for the normal trichromat. Sensitivity is compared for two types of stimulation, one in which the spatial structure of the stimulus and mask is visible to both rod and cone photoreceptors (circles) and another in which the spatial structure is visible only to the cones (squares). The subject was SJW. Results are compared for two different levels of retinal illumination, one photopic (O 539 phot td; [] 465 phot td) and another mesopic (0.37 phot td--solid symbols). Notice that the change in the position of the peak of the masking functions from photopic to mesopic cannot be solely accounted for by a change from cone to rod dynamics. masking functions are low-pass indicating a single mechanism governing threshold. Figures 8 and 9 replot some of the data from Fig 2-5 to illustrate how these channels change when retinal illuminance is manipulated. The band-pass channel shows little change in sensitivity to low temporal frequencies over the range ~2500-4 phot td whereas it shows a marked loss at low temporal frequencies as retinal illuminance is further reduced (~4-0.16 phot td). The result of this is that the high temporal frequency cut-off of both channels and the peak of the band-pass channel are shifted to lower temporal frequencies as retinal illuminance is reduced. The changes in the filtering properties of each of the filters appear to resemble in many ways the overall changes in the modulation transfer function. At low temporal frequencies there is a range of illuminances where the contrast sensitivity of each channel appears stable (a "Weber region") before declining at the lowest retinal illuminance level (this simple picture appears to be somewhat complicated by the increase in contrast sensitivity seen as illuminance was dropped over the first 1.5 log unit). At higher temporal frequencies the loss in sensitivity is more dramatic and is reminiscent of the "linear region" seen in the modulation transfer functions (Kennelly & Whiting, 1907; Kelly, 1961) .
The filtering properties revealed by our technique are those of the system at or very near threshold. Suprathreshold measurements of the response of cat striate neurones has demonstrated that their temporal tuning characteristics can be quite different when measured with isolated single gratings or when two (or more) gratings are presented simultaneously (Dean, Tolhurst & Walker, 1982; Reid, Victor & Shapley, 1992) , such that responses to low temporal frequencies appear depressed whilst those to high temporal frequencies are enhanced. This process seems to be cortical in origin (Shapley & Victor, 1981; Reid et al., 1992) . This paradigm superficially resembles our masking technique, however, there are important differences. The nonlinearity reported in cat striate cortex was demonstrated with very suprathreshold stimuli. We specifically avoid very suprathreshold conditions by keeping all our test stimuli very near to threshold. It will be of future interest to explore the effects of this non-linearity on psychophysical performance.
Contribution of rods and cones
Many studies of temporal sensitivity have shown "two-branched" functions as illuminance is changed, and these two branches have been suggested to TEMPORAL PROCESSING AT LOW LUMINANCE 785 correspond to the different properties of rods and cones. For example Hecht and Shlaer (1936) show functions relating temporal acuity against illuminance which branch at approx. 10td. At lower illuminances they claim detection is mediated by rods and at higher illuminances by cones. However, this claim must be re-evaluated in the light of evidence that a similar branch occurs in the same region for stimuli thought to isolate rods only (Conner & MacLeod, 1977; Conner, 1982) , and for a subject thought to be a rod monochromat (Hess & Nordby, 1986) . Our data show no sign of a sudden change in temporal properties as illuminance is reduced. Instead we suggest that both rods and cones make connection to the same post-receptoral pathways but may differ in their sensitivities, as has been previously suggested (D'Zurma & Lennie, 1986) . Again, evidence from experiments designed to isolate rod responses (Conner, 198:2) shows that the modulation transfer function undergoes similar changes with mean illuminance as those occarring in our experiments (i.e. a shift in critical fusion frequency and peak temporal frequency) suggesting similar behaviour with respect to mean illuminance for both the rod and cone driven systems.
Our finding that at least two temporal channels exist even at the lowest (scotopic) illuminances tested raises two points. Firstly, many models of speed and flicker perception have suggested that perceived speed/flicker depends upon the ratio of activity in these two channels (Harris, 1980; Thompson, 1982; Smith, 1987) . As these channels appear to change in approximately similar fashions with respect to illuminance we predict that perceived speed (or flicker) should be little affected by illuminance (as the ratio will show little change). In support of this notion Hess (1990) has shown that perceived temporal frequency matches of high contrast stimuli flickering at 2 and 10 Hz are veridical to within 15% over approx. 5 log units of illuminance, despite large changes in contrast sensitivity. The only difference predicted is in the range of speeds/flicker that are detectable.
Hypothesis
How can these rather complex changes in the modulation transfer function and the underlying channels be accounted for? In this section we would like to put forward two possible hypotheses, both suggesting that temporal frequency channels (and therefore the modulation transfer function) are, in fact, similar at all illuminances except for some early (i.e. retinal) processes. The suggested possibilities are (1) changes in the dynamics of photoreceptor output; and (2) information concerning the mean illuminance level, but merely information about contrast (Troy & EnrothCugell, 1993 ). Thus it is our contention that the discrepancies in filter shape can be accounted for by the inability of the photoreceptors to transmit this information to the later visual stages, with little or no change in the filtering properties of these later stages (except for those inherited from the early stages). This hypothesis therefore runs contrary to some commonly held views that temporal acuity is limited by cortical neurones (e.g. Lindsley, 1953; Brindley, 1962) .
To illustrate this argument we took a simplistic representation of two temporal channels (one low-pass and one band-pass) and simply applied an earlier low-pass filter to their response profiles [ Fig. 10] . Comparison of Figs 8 and 9 with those of Fig. 10 shows that this simple manipulation captures much of the essence of the present results. It results in the critical fusion frequency being lowered for both channels and in the peak of the band-pass function being systematically lowered. However, two discrepancies should be noted. Firstly, the increase in sensitivity to low spatial, low temporal frequencies as illuminance drops from ~2500 to ~ 100 phot td is not predicted (we do not have any current explanation for this finding other than the possibility of a rod contribution at 100 phot td which is saturated at 2500 phot td). Secondly, as illuminance falls from ~ 4.0 to ~ 0.16 phot td the data indicate a more uniform loss of sensitivity across all temporal frequencies rather than a low-pass temporal filtering. Thus there must be sensitivity changes as well as filtering changes as illuminance is decreased.
A second possible reason for the selective loss of high temporal frequency responses is suggested by the work of Hess, Mullen and Norby (1992) . They show that at high temporal frequencies the normal de Vries-Rose relationship between illuminance and sensitivity gives way to a linear region. However, sensitivity is greater under conditions where either the rods are not functioning (such as shortly after a bleaching light) or when the cones are not functioning (such as for a rod monochromat). They therefore attribute the loss of sensitivity to some rod-cone interaction. However, this seems unlikely to account for all our results as the data of Fig. 6 show that the modulation transfer function under mesopic conditions (solid symbols) has the same shape even when the stimulus is isolating the response of cones alone (i.e. the change in sensitivity is approximately equal at all temporal frequencies).
Both the above hypotheses (photoreceptor dynamics and/or rod-cone interactions) predict an early low-pass type of filter. What predictions can be made from this idea? It is clear that photoreceptors are insensitive to changes in spatial frequency (except for very high spatial frequencies), whereas cortical neurones are highly selective for spatial frequency (Maffei & Fiorentini, 1973 ). Hence we argue that if the photoreceptors are limiting the high temporal frequency limbs of the modulation transfer functions (and the input to individual temporal channels) then there should be no effect of manipulating spatial frequency. We therefore made more detailed measurement of the loss of sensitivity at high temporal frequencies as a function of spatial frequency at three illuminances (the lowest illuminance was not used as we did not have enough sensitivity to gather information about the slope).
The results are displayed in Fig. 11 . Each panel presents results from a different illuminance. The data points have been fit by linear regression. Two aspects of the results are worth noting. Firstly, at each illuminance the slope of the regression function shows no systematic variation as spatial frequency is manipulated. Secondly, the slope gets systematically steeper as illuminance decreases (note the change in scale of abscissa in each panel). A similar argument, and experimental findings, have been presented by Allen and Hess (1992) in relation to changes in the high temporal frequency limb at different eccentricities under photopic conditions (see also Tyler, 1985) .
Recent physiological evidence also supports the idea of temporal acuity being limited by the photoreceptors. It appears that neurones in the cat striate cortex show little change in the shape of their tuning functions (though sensitivity alters) with respect to spatial frequency or orientation as illuminance is changed (Bisti, Clement, Maffei & Mecacci, 1977; Ramoa, Freeman & Macy, 1985) . Hess and Lillywhite (reported in Hess, 1990) have shown an invariance in the temporal frequency tuning properties as a function of illuminance for Baylor, 1990 ). The response is also diphasic reaching its minimum at around 180 msec. By linearity this implies a band-pass function with a peak of around 5 Hz for cones. There was also a small decrease in time to peak for some cones at higher light levels (see Schnapf et al., 1990, Fig. 8 ). The finding that the response of cones is band-pass may suggest that the low-pass functions identified in the present paper may occur a little later than the photoreceptors themselves.
In conclusion, our near-threshold temporal vision is subserved by a limited number of temporal mechanisms (two or possibly three) at both photopic and scotopic illuminances. As the illuminance is lowered, both the sensitivity and filtering properties change, the latter affecting only the high temporal frequency region of each channel's response. We propose that this filtering change can be accounted for by postulating an extra stage of low-pass filtering associated with both rod and cone photoreceptoral response at low light levels. Thus at the level of a postreceptoral temporal channel, retinal illumination merely changes the channel sensitivity.
